Dopamine plays crucial roles in a broad spectrum of brain functions, and neural circuit mechanisms underlying dopaminergic regulation have been intensively studied in the past decade. As larval zebrafish have relatively simple and highly conserved dopaminergic systems, it can serve as an ideal vertebrate animal model to tackle this issue at a whole-brain scale. For this purpose, it is important to develop methods for monitoring endogenous dopamine release in intact larval zebrafish. Here, we developed a real-time method to monitor dopamine release at high spatiotemporal resolution in the brain of awake larval zebrafish using carbon fiber microelectrodes. As an example for application, we combined this method with genetic tools and in vivo calcium imaging and found that food extract can activate pretectal dopaminergic neurons, which in turn release dopamine at the visual center through their projection, providing a dopaminergic circuit mechanism for olfactory modulation of visual functions. Thus, our study demonstrates, for the first time, the utility of carbon fiber microelectrodes for monitoring sensory-evoked dopamine release in the brain of an awake small organism.
Introduction
Dopaminergic modulation plays multifaceted roles in brain functions ranging from sensory processing, sensorimotor transformation, motor control, motivation, reinforcement learning to decision-making (Schultz et al., 1997; Wise, 2004; Mu et al., 2012; Marder et al., 2014) . Through widely spreading afferents of dopaminergic neurons and various types of dopamine receptors elaborately distributed across different brain areas, dopamine shapes these neural functions in complex and variable ways (Lammel et al., 2011; Marder et al., 2014) . Electrochemical recording provides a high spatiotemporal resolution and has demonstrated its power in monitoring dopamine release in the brains of various animals (Phillips et al., 2003; Dommett et al., 2005; Clark et al., 2010; Wang et al., 2011; Howe et al., 2013; Rees et al., 2015) . However, the complexity of dopaminergic systems in mammalian brains hinders thorough dissection of neural circuit mechanisms underlying dopaminergic neuromodulation.
The larval zebrafish with a small and transparent brain has become an attractive vertebrate model for system neuroscience research (Friedrich et al., 2010) . Because of its simple but highly conserved dopaminergic systems in comparison with mammals and high accessibility for electrophysiology and optophysiology assays, larval zebrafish offer an ideal opportunity for dissecting neural circuitry and synaptic mechanisms underlying neuromodulation (McLean and Fetcho, 2004; Friedrich et al., 2010; Tay et al., 2011; Mu et al., 2012) . This would benefit substantially in vivo electrochemical monitoring of dopamine release in the brain of larval zebrafish. Here, using carbon fiber (C-fiber) microelectrodes, we established a real-time electrochemical assay to monitor sensory-evoked dopamine release in awake zebrafish larvae, verifying the utility of C-fiber microelectrodes for in vivo measurement of sensory-evoked dopamine release in small awake organisms for the first time. As an example, using this method, we revealed a novel cross-modal modulation mechanism that olfactory inputs evoke dopamine release at the visual center via a specific cluster of dopaminergic neurons.
Materials and Methods
Animal husbandry. Adult zebrafish (Danio rerio) were maintained in the National Zebrafish Resources of China (Shanghai, China) at 28°C according to a standard protocol ). Larvae at 6 -8 d post-fertilization were used. All the experimental protocols follow the guidelines of Institute of Neuroscience, Shanghai Institute for Biological Sciences, Chinese Academy of Sciences.
In vivo amperometric measurement. Zebrafish larvae were paralyzed with bath-applied ␣-bungarotoxin (100 g/ml, Tocris Bioscience) for 10 -15 min before embedding in 1%-2% low melting-point agarose (Invitrogen) . Agarose around the nose was gently removed with a glass micropipette for odorant delivery. Electrochemistry experiments were performed at room temperature (22°C-25°C) with an extracellular solution, pH 7.4, containing the following (in mM): 134 NaCl, 2.9 KCl, 2.1 CaCl 2 , 1.2 MgCl 2 , 10 HEPES, and 10 glucose (Sigma-Aldrich). C-fiber microelectrodes were prepared and used to monitor dopamine release as described previously (Huang et al., 2007; Wang et al., 2011; Kang et al., 2014; Xu et al., 2015) . Briefly, a C-fiber was preloaded into a glass capillary (1 mm in diameter), which was then pulled by a vertical puller (Narishige PP830) to provide two glass-insulated pre-electrodes. The pre-electrodes were trimmed for parameters meeting our experimental requirements (ϳ5 m in diameter and ϳ30 m in length). The exposed tip was positioned at the anterior neuropil of the optic tectum (OT) through a tiny wound around the midline, 100 -200 m posterior to the recording site. Amperometry was performed at a constant holding potential of 780 mV relative to an Ag/AgCl reference electrode. Amperometric currents were acquired and low-pass filtered at 1 kHz with a 700B Multiclamp patch-clamp amplifier (Molecular Devices) and sampled at 2 kHz with a 1440A Digitizer (Molecular Devices).
Calcium imaging. In vivo calcium imaging of pretectal dopaminergic neurons was performed on Tg(dat:GCaMP6s) larvae with a customized light sheet illumination microscope. Images were taken with a high frame rate sCMOS camera (Hamamatsu ORCA Flash 4.0) at 50 Hz. Calcium signals of the ROI were corrected for drift and normalized to its baseline before measuring the response.
Olfactory stimulation. Food extract was prepared freshly before each experiment. Dry fish food was soaked in system water, and the extract was filtered before using. Filtered food extract was pneumatically delivered with a picrospritzer (Picrospritzer III, Parker Instruments) through a glass micropipette (tip opening: 10 -20 m) positioned 90 m away from the nose of zebrafish larvae. To evoke robust olfactory responses, one trial of food extract delivery consisted of five 10-psi pulses of air puff, each lasting 100 ms and applied at 1 Hz.
Pharmacology. Nomifensine and desipramine were purchased from Sigma-Aldrich, and fluoxetine was from Tocris Bioscience. To suppress the reuptake of monoamines, stock solutions of corresponding blockers were diluted in the bath solution and resulted in the working concentrations described in the main text.
Laser ablation. Two-photon laser ablation was performed with a FluoView 1000 confocal/two-photon laser-scanning microscope (Olympus). High-power two-photon laser (850 nm, Chameleon Vision, Coherent) was focused on green fluorescent protein (GFP)-expressing dopaminergic neurons and scanned along a coiled track filling the territory of the cell body. The scanning was stopped once the targeted cell turned gray. A small bubble was formed occasionally. Ablation of all pretectal dopaminergic neurons in one larva usually took several to dozens of minutes. All larvae receiving ablation were freed from restraining agarose and recovered to normal swimming for Ͼ2 h before later recording.
Statistics. Statistical tests were performed with programs written in MATLAB (The MathWorks). Paired permutation test was performed to examine the difference between the responses of the same fish under different experimental conditions. In paired permutation, responses of each fish were randomly switched between the different conditions, and the mean of the differences was calculated. We repeated such permutation for 10,000 times, and each permutation resulted in a mean difference. Among these mean differences, the ratio of differences larger than that of the real data gave the p value (Moore et al., 2009) . For the laser ablation experiments, the difference was between two distinct groups of fish; thus, unpaired permutation test was performed. In unpaired permutation, data from the two groups were mixed together to be randomly repartitioned to two new groups of the original sizes, and then the difference of group means was calculated. We repeated such permutation for 10,000 times, and each permutation resulted in a mean difference. Among these mean differences, the ratio of differences larger than that of the real data gave the p value (Moore et al., 2009 ). The p value Ͻ0.05 was regarded as statistically significant.
Results
To monitor dopamine release in intact larval zebrafish, we locally applied food extract to one nostril and recorded amperometric responses in the neuropil of the ipsilateral visual center OT using C-fiber microelectrodes (with a tip length ϳ30 m; see Materials and Methods; Fig. 1A ). In amperometry mode, the C-fiber microelectrode was held at 780 mV, capable of oxidizing monoamines, including dopamine, serotonin, and norepinephrine (Wang et al., 2011 ). An amperometric current was readily evoked when food extract, but not external solution, was applied (paired permutation test, p Ͻ 10 Ϫ4 , n ϭ 14 larvae; Fig. 1B ), indicating its olfactory origin. This current was dependent on oxidation because no obvious response was observed when the C-fiber microelectrode was held at 0 mV (paired permutation test, p Ͻ 10 Ϫ4 , n ϭ 18 larvae; Fig. 1C) . To further identify which monoamine was involved, specific blockers of monoamine transporters were bath-applied. We found that food extract-evoked responses were significantly enhanced when larvae were treated with the dopamine reuptake blocker nomifensine (paired permutation test, p Ͻ 10 Ϫ4 , n ϭ 8 larvae), but not the serotonin reuptake blocker fluoxetine ( p ϭ 0.99, n ϭ 7 larvae) or norepinephrine reuptake blocker desipramine ( p ϭ 0.97, n ϭ 6 larvae) (Fig. 1D) , indicating that amperometric responses reflect dopamine release.
By imaging double transgenic Tg(dat:Gal4,UAS:GFP) zebrafish larvae, in which GFP is specifically expressed in dopaminergic neurons through the promoter of the dopamine transporter gene dat, we found that dopaminergic neurons in the pretectum intensively innervated the neuropil of OTs (Fig. 2A) . Interestingly, using in vivo light sheet calcium imaging of Tg(dat:GCaMP6s) larvae, in which the calcium indicator GCaMP6s is specifically expressed in dopaminergic neurons, we found that dopaminergic processes within the OT neuropil exhibited robust calcium activities when food extract, but not external solution, was applied to one nostril (paired permutation test, p ϭ 0.016, n ϭ 6 larvae; Fig. 2B ), suggesting that pretectal dopaminergic neurons are olfactorily responsive and may convey olfactory information to the OT. Moreover, after two-photon laser-based ablation of pretectal dopaminergic neurons (Fig. 2C) , food extract-evoked amperometric responses in the OT were largely impaired (unpaired permutation test, p ϭ 0.017, n ϭ 13 larvae with ablation; Fig. 2D ), indicating that pretectal dopaminergic neurons are responsible for olfactory evoked dopamine release.
Discussion
In the present study, we established electrochemical recording of dopamine release in awake zebrafish larvae using C-fiber microelectrodes. To characterize an electrochemical signal in biological systems, there are several standard criteria in the field (Phillips and Wightman, 2003) . The characterization of dopaminergic signal in this study well fits these criteria. First, the signal was detected when the electrode potential was held at 780 mV, but not 0 mV, indicating a Faradic current (electrochemical criterion). The signal was enhanced by a blocker specific to the dopamine transporter, but not by a blocker of norepinephrine or serotonin transporter (pharmacological criterion). It was attenuated when the pretectal dopaminergic neurons were ablated (anatomical and physiological criterion). Furthermore, pretectal dopaminergic neurons could be activated by food extract (reproducibility criterion). These lines of evidence collectively indicate that the signal is indeed dopamine.
Being a gold standard in monitoring dopamine release, electrochemical recording has provided primary understanding about how phasic dopaminergic signaling participates in various neural functions (Phillips et zebrafish have much fewer dopaminergic neurons, several orders lower than mammals previously targeted with C-fiber microelectrodes, our method with microelectrodes is sensitive enough to monitor dopamine release from a small population of dopaminergic neurons in an intact animal, with an amperometric current as small as several picoamperes, representing its competence in zebrafish larva studies. Because of dopamine involvement in a broad spectrum of brain functions, the upstream and downstream circuits of dopaminergic systems have recently received intense study (Tay et al., 2011; Watabe-Uchida et al., 2012) . With its tiny and transparent brain, zebrafish larva provides easy access to dopaminergic nuclei and their interconnected brain areas . By combining dopamine release monitoring and other assays, zebrafish larvae may serve as a working model for thoroughly dissecting the functions and underlying mechanisms of dopaminergic systems.
We found that the dopaminergic neurons in the pretectum are responsible for the dopamine release in the OT evoked by food extract. The pretectum has been found to help the OT to discriminate visual stimuli relevant to prey (Jorg-Peter, 1987) . Although previous work lacks knowledge about the identity of pretectal neurons, our study suggests that pretectal dopaminergic neurons convey olfactory information to the OT and cross-modally contribute to the detection of visual preys.
